A mutant (XT906) of Xanthomonas campestris pv. citri, the causal agent of citrus canker, was induced by insertion of the transposon Tn5tac1 and isolated. This mutant did not grow or elicit canker disease in citrus leaves but was still able to induce a hypersensitive response in a nonhost plant (the common bean). The mutant was also unable to grow on minimal medium containing fructose or glycerol as the sole carbon source. A 2.5-kb fragment of wild-type DNA that complemented the mutant phenotype of XT906 was isolated. Sequence analysis revealed that this DNA fragment encoded a protein of 562 amino acids that shows homology to phosphoglucose isomerase (PGI). Enzyme activity assay confirmed that the encoded protein possesses PGI activity. Analysis of the activity of the promoter of the pgi gene revealed that it was inhibited by growth in complex medium but induced by culture in plant extract. These results demonstrate that PGI is required for pathogenicity of X. campestris pv. citri.
Xanthomonas campestris pv. citri is the agent responsible for bacterial canker in citrus (10) , which is a problem worldwide in the production of citrus fruits (28) . The pathogen induces the formation of cankers and water-soaked lesions surrounded by chlorotic haloes on leaves as well as surface-penetrating necrotic lesions on fruit. It enters its host through natural openings (such as stomata) or wounds on the plant surface (14, 28) , where the environment is less harsh and rich in nutrients that include glucose, fructose, xylose, sucrose, and galactose (21) .
The interaction between plant and pathogen is a dynamic process that involves the exchange of signals. An important subset of pathogenicity genes performs regulatory functions that are likely required for the bacteria to adapt to the environmental and physiological changes encountered during infection. The expression of pathogenicity or pathogenicity-related genes is regulated by environmental factors (such as pH and osmotic strength), plant signals (such as carbon sources, organic nitrogen, and phosphate), and catabolite repression (23, 26) .
In bacterial phytopathogens, the expression of hrp genes, which determine basic pathogenicity to the host and the ability to cause a hypersensitive reaction (HR) in nonhost plants, is under the control of plant signals or environmental factors (23, 26) . A cluster of genes is responsible for the production and regulation in Xanthomonas and Pseudomonas that controls the synthesis of virulence factors in response to physiological or environmental changes (26) . A small diffusible signal molecule is required for a regulatory system for pathogenicity of X. campestris (3) . In Agrobacterium-or Rhizobium-plant interactions, specific plant phenolic compounds act as inducers of bacterial genes important for crown gall pathogenesis (35) and nodulation (20) , respectively. The products of such pathogenicity or pathogenicity-related genes may function as signals indicating that the environment is suitable for pathogen growth and initial pathogenesis (23, 26) . However, the molecular mechanisms in Xanthomonas that underlie plant-pathogen signal exchange and the corresponding signaling pathways remain unclear.
We have now characterized a Tn5tac1 insertional mutant, XT906, of X. campestris pv. citri that exhibits defects in pathogenicity and virulence. The transposon was shown to disrupt a phosphoglucose isomerase (PGI) gene in this mutant. Our data also indicate that PGI is required for the pathogenicity of Xanthomonas. These observations suggest that PGI performs dual functions and have implications for our understanding of the metabolism and pathogenicity of Xanthomonas.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. The bacterial strains and plasmids used in this study are listed in Table 1 . Xanthomonas campestris pv. citri strains were routinely grown at 28°C in TSG nutrient medium (10 g of Bacto Tryptone, 5 g of Bacto Soytone, 5 g of NaCl, and 2 g of glucose [each] (25) supplemented with various carbon sources as indicated. Escherichia coli strains were grown in Luria-Bertani medium at 37°C. Media were supplemented with kanamycin (50 g/ml), ampicillin (50 g/ml), or gentamicin (5 g/ml) as required.
Transposition mutagenesis. The suicide plasmid pBR322::Tn5tac1 (6) (0.5 to 1 g) was introduced directly into X. campestris pv. citri XW47 by electroporation (36) . Given that pBR322 is not able to replicate in Xanthomonas and contains a kanamycin resistance gene and that X. campestris pv. citri XW47 is sensitive to kanamycin, we selected kanamycin-resistant colonies to examine further for evidence of Tn5tac1 insertion.
Plant material and plant inoculations. Citrus lemon, tobacco (Nicotiana tabacum cultivar W38), and common bean (Phaseolus vulgaris L. var. humilis Alef) were grown in a greenhouse. For disease symptom assays, 20 to 30 puncture wounds were introduced per 1-cm 2 area of citrus leaf with a standard 26-gauge needle. Bacteria that had been grown overnight in TSG broth, harvested by centrifugation, and resuspended in 0.85% (wt/vol) NaCl at a density of ϳ10 8 CFU/ml were then applied in 10-l droplets directly onto the puncture wound sites on the citrus leaves. The plant reaction was assessed 7 to 14 days after inoculation. For HR tests, X. campestris pv. citri XW47 and its mutant were grown as for the symptom assays, adjusted to a density of 10 6 CFU/ml, and injected with a fine hypodermic needle into the intercellular spaces of a common bean leaf. The injection was administered near the lateral veins of the leaf, where the tissue is thicker (17) . After infection, plants were maintained in the greenhouse.
For in planta growth assays, periodic sampling was performed by excising two of the inoculated leaves and harvesting bacteria from leaf disks. These punches (1 cm in diameter) were removed and shattered at various times after inoculation. Bacteria were eluted from the pieces in 1 ml of sterile tap water, and appropriate dilutions were plated to obtain single colonies on medium containing appropriate antibiotics. Colonies were counted after 48 h; the results were calculated as CFU per square centimeter of leaf tissue.
For the preparation of leaf extracts, fully expanded leaves from tobacco, common bean, and lemon plants were harvested and frozen in liquid nitrogen. After removal of the main veins, the tissue was homogenized in 1 mM MgCl 2 (1 g [fresh weight] per ml) in the presence of polyvinylpyrrolidone (1 g [fresh weight] per 0.1 ml). The homogenate was centrifuged for 30 min at 50,000 ϫ g, and the resulting supernatant was tested at a dilution of 1/20 for induction assays.
DNA manipulation and Southern hybridization. Standard microbiological and molecular genetic techniques were used (25) unless otherwise stated. Total genomic DNA was isolated by the cetyltrimethylammonium bromide method (2) from bacterial cells grown in liquid culture. The integration of Tn5tac1 was analyzed by Southern blot hybridization: DNA fragments produced by digestion with restriction endonucleases were fractionated by electrophoresis and then transferred to membranes (Genescreen Plus; DuPont Biotechnology Systems, Boston, Mass.). Hybridization and detection protocols were performed with the use of nonradioactive DNA labeling and detection kits (Boehringer Mannheim, Mannheim, Germany).
DNA sequence analyses. Sequence data were analyzed with the University of Wisconsin Genetic Computer Group software package (version 9.0). The SwissProt 23.0 CDS translation from the GenBank Release 73.1 database was searched with the predicted amino acid sequences of the pgi gene and the Blast program, run at the National Center for Biotechnology Information network service in Bethesda, Md.
PGI enzyme assay. The assay of PGI activity by electrophoresis and staining was performed according to a method similar to that described by Gottlieb and Higgins (13) . Cultured cells (5 ϫ 10 8 ) were collected by centrifugation, washed once with 100 mM NaCl, and resuspended in 100 l of grinding buffer (11) . The cells were disrupted by ultrasonic treatment with a heat systems ultrasonicator (New Highway, Farmingdale, N.Y.) and then centrifuged at 12,000 ϫ g for 10 min. The supernatant was subjected to electrophoresis, and the gel was stained with a solution containing 0.1 M Tris-HCl (pH 8.0), 5 mM fructose-6-phosphate dehydrogenase, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (80 ng/ml), and phenazine methosulfate (20 ng/ml) and then developed at 37°C (29) .
Assay of pgi promoter activity. A DNA fragment containing the putative promoter sequence of X. campestris pv. citri pgi was cloned into the PstI site of pUGUS, which contains a promoterless ␤-glucuronidase (GUS) gene. For the assay of GUS activity, bacteria transformed with the resulting construct were grown overnight in TSG medium, collected by centrifugation, and washed twice in 1 mM MgCl 2 before inoculation into complex medium or minimal XVM2 medium supplemented with various carbon sources. After incubation for 16 h, cells were harvested by centrifugation and resuspended in assay buffer (16) . Portions of the suspension were then assayed for GUS activity. The number of bacteria (CFU) per assay was determined by plating appropriate dilutions on selective medium. GUS activity was measured with a fluorometer and 4-methylumbelliferyl glucuronide as the substrate, as previously described (16) . One unit of GUS activity is defined as 1 nmol of 4-methyl-umbelliferone produced per min.
Nucleotide sequence accession number. The GenBank accession number of the reported sequence of the 2.5-kb DNA fragment complementing the mutant phenotype of XT906 is AF054807.
RESULTS
Isolation and characterization of the nonpathogenic mutant XT906. To identify pathogenicity-related genes and investigate the mechanism of citrus canker disease, we have used the transposon Tn5tac1 to induce mutations that affect the pathogenicity of X. campestris pv. citri. The suicide plasmid pBR322:: Tn5tac1 was introduced directly into X. campestris pv. citri XW47 by electroporation. About 1,000 kanamycin-resistant clones were selected and tested for their pathogenicity by inoculation into puncture wounds of citrus leaves. Inoculated leaves were examined over the 2-week period normally required for disease development. Typical symptoms of citrus canker caused by wild-type bacteria include raised eruptions surrounded by water-soaked lesions (Fig. 1A) . The mutant XT906 failed to induce disease symptoms in the host plant for up to 1 month after inoculation (Fig. 1B) .
The ability of this mutant to elicit an HR in a nonhost plant was investigated by the injection of bacterial cells into the intercellular space of common bean leaves. The mutant retained the ability to induce an HR in this plant species (data not shown). Thus, the XT906 mutant showed a Path Ϫ HR ϩ phenotype. Examination of bacterial growth in planta 18 days after inoculation revealed that whereas the population of the wild-type strain XW47 had increased by a factor of 10 5 , that of the mutant XT906 had decreased by a factor of 10 2 (Fig. 2) . Cloning of a DNA fragment required for growth in citrus and pathogenicity. Southern blot analysis confirmed the presence of a single copy of Tn5tac1 in the mutant XT906 (data not shown). To clone the transposon-tagged gene, we screened a cosmid pHC79 library prepared with XT906 DNA for clones containing Tn5tac1. From one of the resulting positive clones, pHT906, a 3-kb EcoRI-HindIII fragment containing a portion of Tn5tac1 and X. campestris pv. citri flanking DNA was isolated and subcloned into the pBluescript KS(ϩ) vector, yield- VOL. 65, 1999 XANTHOMONAS PHOSPHOGLUCOSE ISOMERASE AND CITRUS CANKERing pKT906IEH. The DNA flanking Tn5tac1 was used as a probe to isolate clones from a pHC79 library prepared with genomic DNA from XW47. One of the resulting positive clones, pHW906, was selected for subcloning into a low-copynumber, broad-host-range plasmid, pUFR047, and for further complementation studies. Subclones containing a 5-kb XhoI-HindIII fragment (pUW906XH) or a 2.5-kb XhoI-ApaI fragment (pUW906XAp) were introduced separately into the mutant XT906 by electroporation. Kanamycin-and gentamicin-resistant transformants were then tested for pathogenicity on citrus leaves. The Tn5tac1-induced mutation in XT906 was complemented by both plasmid constructs, as evidenced by the induction of disease symptoms (Fig. 1C and 3A) , but not by pUFR047. The growth of the complemented strain XT906(pUW906XAp) on citrus leaves also resembled that of the wild-type strain (Fig. 2) . The 2.5-kb DNA fragment contained in pUW906XAp thus appeared to complement fully the pathogenicity defect of the mutant XT906.
Identification of the mutated gene in XT906. The 2.5-kb DNA fragment that complemented the mutant phenotype of XT906 was sequenced and found to contain an open reading frame (ORF) that encodes a polypeptide of 562 amino acids. The Tn5tac1 transposon was shown to be inserted in this ORF in XT906 at nucleotide position 1937. The predicted amino acid sequence of the ORF most closely resembled that of PGI from pgi, with which it shared 44% identity and 61% similarity.
To confirm that the ORF encoded a PGI enzyme, we assayed extracts of bacterial strains for PGI activity. PGI activity was detected in the wild-type strain XW47 and the complemented strain XT906(pUW906XAp) but not in XT906 or XT906(pUFR047) (data not shown). The PGI activity of strain XT10, an HR Ϫ mutant of XW47 in which the hrpX gene is disrupted (30) , was similar to that of the wild-type strain. Thus, the defects in both pathogenicity and PGI activity of XT906 were complemented by the same 2.5-kb fragment of wild-type genomic DNA.
To examine the effect of the PGI mutation on bacterial growth in culture, we tested the ability of XT906 to utilize glucose, sucrose, fructose, glycerol, or mannitol. Whereas the wild-type strain grew on medium containing any of these carbon sources except mannitol, XT906 was not able to utilize mannitol, fructose, or glycerol; the growth of XT906 on medium containing glucose or sucrose was similar to that of XW47 ( Table 2 ). The growth defect of XT906 in culture was corrected by transformation with pUW906XAp but not with pUFR047.
Regulation of the expression of pgi. The mutation in pgi resulted in the inability of X. campestris pv. citri to utilize fructose or glycerol as carbon sources, to grow in plant tissue, and to cause typical canker symptoms. These observations prompted us to investigate the expression of pgi under various conditions, including complex medium, minimal medium containing different carbon sources, and plant extracts. The synthetic medium XVM2 was shown to induce expression of hrp loci (hrpA, hrpX, and hrpG) of X. campestris pv. vesicatoria to an extent similar to that apparent during growth in plant extracts (32) . Expression of the hrpX gene of X. campestris pv. vesicatoria is induced in XVM2 medium but not in NYG medium (31) . We examined the expression of X. campestris pv. citri pgi with a similar approach and compared the results with those obtained for hrpX.
For analysis of the expression of pgi, we measured the activity of a fusion construct containing a promoterless GUS gene in both the wild-type and XT906 mutant strains under various growth conditions. We thus constructed plasmids containing pgi::gus (pUW906PGUS) and hrpX::gus (pUW10PGUS) fusion genes (Fig. 3) and introduced them into X. campestris pv. citri. When bacteria were grown in the complex medium TSG, the amount of GUS activity in extracts of XW47 harboring the pgi::gus or hrpX::gus constructs was similar to that in extracts of XW47 transformed with the control plasmid pUGUS; similar results were obtained with strain XT906 (Fig. 4) . However, when XW47 was grown in XVM2 (which does not contain glucose), the amount of GUS activity in extracts of cells harboring pgi::gus or hrpX::gus was markedly greater than that in extracts of cells harboring pUGUS as well as that in extracts of bacteria grown in TSG medium. Addition of glucose to XVM2 resulted in a concentration-dependent decrease in the GUS activity of XW47 cells harboring either fusion construct. To analyze whether pgi is subjected to feedback regulation, we compared the GUS activities of the wildtype and XT906 strains transformed with the pgi::gus construct and grown in XVM2 medium. In the presence of feedback regulation mediated by the pgi promoter, the activity of the pgi::gus construct would be expected to be altered by the end product of PGI action in the wild type but not in the pgi mutant. No difference in GUS activity was apparent between XW47 and XT906 strains, indicating the absence of feedback regulation.
Given that hrpX (Path Ϫ HR Ϫ ) and pgi (Path Ϫ HR ϩ ) mutants both exhibit a pathogenicity defect but that the pgi mutant is still able to induce an HR in the common bean, we examined the expression of hrpX::gus and pgi::gus fusion genes in bacteria grown in leaf extracts of lemon, common bean, and tobacco (a nonhost of X. campestris pv. citri that does not exhibit an HR response). When the bacteria were grown in the presence of any of the three plant extracts, the amount of GUS activity in strains XW47, XT906, and XT10 harboring either fusion gene was markedly greater than that apparent when they were grown in TSG medium (Fig. 5) ; the activities of the fusion genes were markedly greater than that of the promoterless gus gene for all strains grown in the presence of plant extract. Thus, extracts of both host and nonhost plants induced the expression of hrpX and pgi genes of X. campestris pv. citri. 
DISCUSSION
With the use of transposon mutagenesis, we have isolated a mutant, XT906, of X. campestris pv. citri that is nonpathogenic to the host plant. A 2.5-kb fragment of wild-type genomic DNA complemented the pathogenicity defect of this mutant and was shown to contain an ORF that encodes PGI. Our results demonstrate that a single mutation abolished both PGI activity and pathogenicity, suggesting that PGI contributes to pathogenicity, either directly or indirectly.
PGI is a dimeric enzyme that catalyzes the reversible isomerization of glucose 6-phosphate and fructose 6-phosphate and is essential for fructose catabolism by Pseudomonas (1). Although PGI-deficient xanthomonads have not previously been described, Xanthomonas is closely related evolutionarily to Pseudomonas (1, 9) . Mutants of Pseudomonas aeruginosa that lack PGI activity grow slowly on glycerol and fructose media but normally on glucose medium (22) , characteristics similar to those described here for the pgi mutant of X. campestris pv. citri. Xanthomonas utilizes glucose and sucrose as primary carbon sources for its growth on prepared medium (21); most glucose is catabolized by the Entner-Doudoroff pathway (37), thereby generating pyruvate and glyceraldehyde 3-phosphate. PGI does not participate in the Entner-Doudoroff pathway, which supplies most energy for cell growth (33) , suggesting that the PGI enzyme is not essential for metabolism based on glucose as the primary carbon source.
It is possible that the pathogenicity defect of the Xanthomonas mutant XT906 is the result of insufficient PGI activity required for growth in planta. However, various carbon sources present in plant tissue, such as glucose and sucrose (21) , should be able to support the growth of XT906. Thus, it is unlikely that the lack of growth in planta and the pathogenicity of XT906 is due to an inability to utilize fructose as a carbon source because of PGI deficiency. Thus, the XT906 mutant did not multiply in plant tissue, even in the presence of carbon sources that should be able to support its growth.
Various mutations have been shown to exert effects on catabolism and pathogenicity, with the affected catabolites contributing to regulation of the expression of pathogenicity-related genes (12, 19, 24) . Isolation of a phosphoglyceromutase mutant of Pseudomonas syringae revealed that this glycolytic enzyme is required for both bacterial growth in the host and the utilization of carboxylic acids (15, 19) . The pgm mutant is nonpathogenic in the host, but it still induces an HR in nonhost plants (7), characteristics similar to those of the pgi mutant of X. campestris pv. citri. Furthermore, the pgm mutant grows well on complete medium as well as on media containing citrate plus either glucose or fructose but grows to a limited extent on media containing fructose, glucose, or glycerol as the only carbon source. It is possible that metabolites generated by the pathways that include PGI or phosphoglyceromutase regulate genes essential for cell propagation in planta.
Genes that encode bacterial virulence factors are often subject to coordinate regulation, and these regulatory systems are able to respond to various environmental signals that may be encountered during the cycle of infection (18) . Thus, regulation of the expression of pgi and other pathogenicity-related genes such as hrpX, which is also required for pathogenesis and for an HR in nonhost plants (4, 31) , warrants further investigation. In Agrobacterium tumefaciens, sugars and phenolic compounds synergistically induce the expression of vir genes through a distinct regulatory pathway that includes VirA and the chromosomally encoded virulence protein ChvE (5, 34) . FIG. 4 . Expression of pgi and hrpX genes in the wild-type XW47 and mutant XT906 strains of X. campestris pv. citri grown in various culture media. Strains XW47 or XT906 were transformed with the plasmid pUW906PGUS (pgi::gus), the plasmid pUW10PGUS (hrpX::gus), or the promoterless control pUGUS (gus) and were grown for 16 h in either TSG or XVM2 medium in the absence or presence of 10, 20, or 30 mM glucose, as indicated. Cell extracts were then prepared and assayed for GUS activity. Data are means Ϯ SEM of values from three experiments. 
a Bacterial suspensions (5,000 CFU per 10 l) were plated in M9 medium supplemented with test carbon sources at a concentration of 0.01 M. After incubation at 28°C for 10 days, the extent of bacterial growth was assessed as ϩϩ (substantial growth), ϩ (less marked growth), or Ϫ (no growth).
Similar regulation of virulence genes may occur in other pathogens, including Erwinia, Pseudomonas, and Xanthomonas. Expression of the hrpX gene of X. campestris pv. vesicatoria is regulated by various factors; it is inhibited by growth in complex medium and is inducible in the host plant (31) . We have now shown that the expression of both hrpX and pgi genes of X. campestris pv. citri cultured in plant extracts or the synthetic medium XVM2 is markedly greater than that apparent for cells cultured in the complex medium TSG, suggesting that a factor (or factors) present in plants and XVM2 regulates the promoter activities of these genes. Our results thus indicate that both hrpX and pgi are coordinately regulated by similar catabolic systems. These catabolic systems may therefore play an important role in pathogenicity and may regulate the expression of other pathogenicity-related genes.
The bacterial pathogenicity genes that determine the nature of the interaction between the bacterium and the plant can be divided into two classes: disease-specific (dsp) genes, which are associated with disease development in host plants but not with the induction of an HR in nonhost plants (8, 27) , and hrp genes, which are required for both the pathogenic interaction with host plants and the induction of an HR in nonhost plants (26) . The hrp genes of X. campestris pv. campestris are induced in both host and nonhost plants (26) , suggesting that the conditions required for the induction of hrp genes in a certain pathovar are not plant species specific and that the host range of the pathogen is controlled by some other mechanism. The properties of the pgi gene characterized in the present study resemble those of dsp genes more closely than they do those of hrp genes. Our experiments with hrpX::gus and pgi::gus fusion genes revealed that the expression of both was induced by the culture of bacteria in leaf extracts of citrus, common bean, or tobacco, suggesting that both hrp and pgi genes are induced in host and nonhost plants, even in a nonhost plant (such as tobacco) that does not exhibit an HR to X. campestris pv. citri. Thus, although hrp and pgi mutants show different phenotypes with regard to their effects on nonhost plants, the corresponding genes may not play a major role in determining plant species specificity.
Many genes whose products participate in bacterial metabolism may be regulated in response to changes in the nutrient environment and thereby contribute to phytopathogenicity. The pgi gene of X. campestris pv. citri, which has now been shown to contribute to plant-pathogen interaction, appears to fall into this category.
